Blood-brain barrier (BBB) failure occurs in many neurological diseases and is caused in part by activation of proinflammatory factors including matrix metalloproteinases. Counterbalancing, "BBB protective" cascades have recently been described, including NO-mediated interleukin 6 release by glia. Interleukin 6 has been shown to trigger production of matrix metalloproteinase inhibitors such as ␣ 2 -macroglobulin (␣ 2 M). We hypothesized that BBB failure may result in increased ␣ 2 M release by perivascular astrocytes. This was initially tested in patients undergoing iatrogenic BBB disruption by hyperosmotic mannitol for intra-arterial chemotherapy of brain tumors. Serum samples revealed significantly increased levels of ␣ 2 M at 4 h after BBB disruption by hyperosmotic mannitol. In parallel in vitro experiments, we observed a similar increase of ␣ 2 M release by astrocytes under conditions mimicking BBB failure and perivascular edema. For both experiments, protein analysis was initially performed by bidimensional gel electrophoresis and mass spectrometry followed by Western blotting immunodetection. We conclude that, in addition to proinflammatory changes, BBB failure may also trigger protective release of ␣ 2 M by perivascular astrocytes as well as peripheral source.
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The mature extracellular matrix, a heterogeneous substance produced at the BBB 1 level by perivascular astrocytes, serves as a tissue skeleton, as a medium of communication between cells, and as a barrier between the cells and the vascular system (1, 2) . MMPs are the key components of the system that dynamically control and continuously remodel the mature extracellular matrix in living tissues. The proteolytic activity of MMPs acts as an effector mechanism of tissue remodeling under physiologic and pathologic conditions and as a modulator of inflammation. In the context of neuroinflammatory diseases, MMPs have been implicated in processes such as BBB failure, invasion of neural tissue by blood-derived immune cells, and cellular damage in diseases of the central nervous system (1, 3, 4) . In the central nervous system, matrix remodeling by metalloproteinases gelatinase A (MMP-2) and gelatinase B (MMP-9) play a major role in maintaining BBB integrity (5) (6) (7) . Activation of proinflammatory factors and altered processes of extracellular proteolysis may contribute to the progression of tissue damage and matrix destruction leading to BBB failure after brain injury (8, 9) .
MMPs have also been implicated in the pathogenesis of neurodegenerative diseases (Alzheimer's disease) and are believed to be critical events leading to BBB failure with secondary vasogenic edema and hemorrhagic transformation of infarcted brain tissue (10 -12) . However, the mechanism of activation of MMPs remains unclear. MMPs are neutralized by naturally occurring inhibitors such as ␣ 2 M (13, 14) or tissue inhibitors of metalloproteinases.
␣ 2 M is a broad spectrum protease inhibitor naturally present in serum and interstitial fluids. ␣ 2 M production can be stimulated by interleukin 6 (15) (16) (17) . Recent findings suggest that glucocorticoids may stimulate ␣ 2 M release and inhibit up-regulation of MMP-9 (18, 19) . This is consistent with the concept that glucocorticoids may act as repair agents following BBB failure and edema formation (20) . ␣ 2 M is a tetramer of four identical 180-kDa subunits exhibiting a ␤-cysteinyl-glutamyl-thiol ester bond and inhibits the target protease by physical entrapment. ␣ 2 M has a peptide stretch, called the "bait region," that contains specific cleavage sites for different proteinases (21, 22) . This protein also binds to a number of different growth factors and cytokines suggesting that ␣ 2 M may play an additional role in cellular growth regulation (23, 24) .
We focused on the role of astrocytes (AS) and endothelial cells (EC) in BBB maintenance by studying in vitro cell culture and serum samples obtained from patients who underwent BBBD procedures during chemotherapy treatment. We hypothesized that BBB impairment may result in increased ␣ 2 M released by perivascular astrocytes as well as peripheral sources.
EXPERIMENTAL PROCEDURES
Cell Isolation and Culture-Specimens were obtained with the consent of patients undergoing brain surgery; the details of this procedure are listed elsewhere (25, 26) . Primary AS and primary EC were isolated from human brain tissue and co-cultured in 75-mm-diameter Transwell polycarbonate membrane with pore size of 0.4 m and total insert growth area of 44 cm 2 (Costar 3419). Initially cells were grown to confluence in 150-cm 2 flasks, and the growth media was collected every 2 days. Spare media were stored at Ϫ20°C. EC and AS were then detached with trypsin and resuspended in fetal bovine serum.
To study the reciprocal interactions between astrocytes and endothelial cells, both of which can lead to BBB induction, six different culturing conditions were set (Fig. 4) . Glial and endothelial cells were seeded at a density of 8 ϫ 10 4 /cm 2 . Before cell loading, Transwell membranes were precoated with fibronectin on the luminal (i.e. "endothelial") side and with poly-D-lysine on the abluminal (i.e. "astrocytic") side. Protein extracts were obtained from culture media samples of AS, EC, AS ϩ EC, AS exposed to EC-conditioned media, and EC exposed to AS-conditioned media. To mimic an impaired BBB, EC-AS co-cultures were also grown spaced from each other by less than 1 mm of media between the cellular monolayers.
Patients-The six patients whose serum samples were used for the study presented herein all participated in a BBBD trial for the treatment of primary central nervous system lymphoma. The Cleveland Clinic Brain Tumor Institute provides BBBD treatment (27) (28) (29) for primary central nervous system lymphoma, primitive neuroectodermal tumors, some gliomas, central nervous system germinoma, and some metastatic brain tumors (such as breast, small cell lung, or germ cell). These patients were treated with intra-arterial injection of mannitol causing a temporary disruption of the BBB followed by a selective methotrexate injection into the cerebral circulation directly thereafter. Blood samples were collected before (10 min prior to mannitol injection), during (45 s, 1 min, and 10 min after mannitol injection), and after (up to 6 h) iatrogenic selective intra-arterial osmotic opening of the BBB (30, 31, 33, 51) . Efficacy of BBBD was assessed by computed tomography scans and, indirectly, by measuring S100␤ level in plasma (30, 31) . All patients signed an informed consent form prior to the procedure. Experiments with human subjects were performed in agreement with National Institutes of Health and Cleveland Clinic Foundation guidelines.
Two-dimensional Gel Electrophoresis-The proteins in aliquots of the respective conditioned media (or human serum in the case of BBBD protocol) were precipitated with acetone and reconstituted in an isoelectric focusing buffer consisting of 6 M urea, 2 M thiourea, 2% Chaps, 1% Triton X-100, 1% ampholytes, and 50 mM dithiothreitol. Isoelectric focusing was carried out for 43 kV-h at 20°C in 11-cm immobilized pH gradient strips (Bio-Rad) covering pI 5-8, which were loaded with 500 g of total protein using the active rehydration method. The second dimension was carried out in precast 12% SDS-polyacrylamide gels (Criterion gels, Bio-Rad). Gels were subsequently fixed and stained with Coomassie Blue (GelCode Blue, Pierce).
Mass Spectroscopy-We used a liquid chromatography-mass spectrometry system with a Protana microelectrospray ion source interfaced to a self-packed 10-cm ϫ 75-m-inner diameter Phenomenex Jupiter C18 reversed-phase capillary chromatography column. Data were analyzed by using all collision-induced dissociation spectra collected in the experiment to search the National Center for Biotechnology Information (NCBI) non-redundant data base with the search program TurboSequest. All matching spectra were verified by manual interpretation. The interpretation process was also aided by additional searches using Mascot and Fasta. S100␤ was measured by techniques described elsewhere (32) . The enzyme-linked immunosorbent assay kits were kindly provided by Dr. Anne-Charlotte Aronsson (Sangtec Medical, Bromma, Sweden).
Relative Protein Density on Two-dimensional Gel-Two-dimensional protein gels were scanned using a 35-mm camera mounted on a gel-scanning unit interfaced to a PC using GelPro TM analysis software. The scanned black and white image was saved in a TIFF format and further analyzed using macros specifically developed for the Adobe Photoshop platform. The histogram function provided information on the number of pixels of the selected area. Tracings were performed in triplicate, and data were averaged and expressed as mean Ϯ S.E. The density of the protein pattern for haptoglobin was used as normalizing value to account for variability between gels.
Western Blotting-Identification of ␣ 2 M protein was also performed by Western blotting techniques. Serum samples were obtained from the BBBD procedures and media samples from the co-cultures. Protein concentration was estimated according to the Bradford assay method (Bio-Rad). Total proteins (50 g/lane) were separated on 12% polyacrylamide gels with SDS-PAGE at 80 V and transferred onto a polyvinylidene difluoride membrane (Millipore Corp., Bedford, MA) by electroblotting overnight at 40 mA of constant current. After blocking with Blotto (phosphate-buffered saline, 1% milk powder, and 0.05% Tween 20) for at least 2 h, the membrane was probed overnight at 4°C with primary ␣ 2 M goat anti-human antibody (1:1000, Sigma). After a series of washes, the membrane was incubated with secondary horseradish peroxidase-conjugated anti-goat IgG antibody (rabbit) (1:5000, Calbiochem) for 2 h. Specific blots were visualized by enhanced chemiluminescence reagent (ECL Plus, Amersham Biosciences). For media samples, to ensure that the same amount of total protein was electroblotted, polyvinylidene difluoride membranes were incubated for 30 min at 50°C in a "stripping buffer" (100 mM 2-mercaptoethanol, 2% sodium dodecyl sulfate, 62.5 mM Tris-HCl, pH 6.7). Nonspecific binding blocking was performed as described above; membranes were reprobed with rabbit anti-bovine albumin antibodies (1:1000, Calbiochem; see Fig. 5 ).
Relative expression of proteins was determined by densitometric analysis using Scion Image Software. Human ␣ 2 M (Calbiochem) for the BBBD experiment and bovine albumin (Calbiochem) for the cell culture experiment were used as protein standards.
Relative Protein Density on Western Blot-Western blots were scanned on a scanner interfaced with a PC using ScanSoft TM analysis software. The scanned black and white images were saved in a TIFF format and further analyzed using macros specifically developed on a Adobe Photoshop platform. We first calculated a calibration curve by measuring the number of pixels of ␣ 2 M bovine albumin standards. Density of the protein spots was transformed in nanograms by comparison with the standard.
Radial Immunodiffusion Test-This technique was used to quantitatively determine the concentration of ␣ 2 M, haptoglobin-1, and S100␤ in human serum. Prefabricated immunodiffusion plates were purchased from Kent Laboratories, Inc. (Bellingham, WA) containing antiserum to one of the three proteins in a medium of agarose gel, 0.1 M phosphate-buffered saline, pH 7.0, with 0.1% sodium azide. Standards and samples were pipetted at constant volume (5 l) to individually prelabeled wells ϳ3 mm in diameter. The plates are manufactured with 24 wells/plate. The proteins were allowed to diffuse to their end point following incubation at room temperature (20 -24°C) for 48 h. Following incubation the diameters of the precipitin arcs formed at the periphery of each well were measured with a jeweler's loupe (7ϫ magnification) to the nearest 0.1 mm. A linear plot of the radial diffusion (in mm 2 ) was plotted versus concentration of each protein (mg/dl). Samples and standards were run in duplicate to yield slopes consistent with the quality control data provided in the package insert. The R 2 value of each standard curve was high, yielding an average result of 0.9954 (␣ 2 M), 0.9924 (haptoglobin-1), and 0.9939 (S100␤).
RESULTS
Serum samples taken from patients undergoing an osmotic opening of the BBB were analyzed by two-dimensional gel electrophoresis as described under "Experimental Procedures." Samples were also analyzed to determine levels of S100␤, a low molecular weight protein associated with BBB impairment (31) . The results of a typical experiment are shown in Fig. 1 . Note that distinct protein spots appeared increased after BBBD. Mass spectrometry revealed that these protein spots corresponded to ␣ 2 M, a 163-kDa protein with pI ϳ 6.0 (NCBI accession number 4557225).
The fragments shown in Table I were used for protein identification as described under "Experimental Procedures." The results shown in Fig. 1A refer to blood samples taken from a representative patient before BBBD and 4 h after the procedure. Quantitative analysis was performed by determining the number of pixels in gels from six patients. The mean results of these experiments are shown in the bar graph in Fig.  1B . Only small changes in ␣ 2 M expression were seen when comparing samples taken minutes after the procedure. However, a significant increase in ␣ 2 M was observed at 4 h after BBBD. Levels of the spots used as control (haptoglobin-1) remained unchanged during the entire procedure. Fig. 2 shows quantitative results obtained by radial immunodiffusion technique. An increase in ␣ 2 M comparable to that observed in the two-dimensional gels was discovered ( Fig.  2A) . Levels of haptoglobin-1 (Fig. 2C) remained unchanged during the entire procedure as expected (based on the result shown in Fig. 1B) . Note that post-BBB disruption samples invariably contained elevated levels of S100␤ ( Fig. 2B ; see also Refs. 30, 31, 33, and 50), indicating effective opening of the blood-brain barrier.
Consistent with the data from radial immunodiffusion tests, increased immunoreactivity for ␣ 2 M was also detected by Western blotting (Fig. 3B) . Quantitative data were obtained by comparing known amounts of ␣ 2 M standards to experimental results (Fig. 3A , see "Experimental Procedures" for further details). Fig. 3C shows the mean values obtained from these experiments.
A bidimensional tissue culture apparatus was used to grow human brain endothelial cells and astrocytes in a variety of configurations aimed at mimicking various stages of BBB formation or failure. The experimental conditions used are illustrated on the left side of Fig. 4 . EC-and AS-conditioned media were obtained from astrocytic and endothelial cultures, respectively. These media were collected regularly every 2 days and stored at Ϫ20°C. Co-culture of EC and AS were designed to mimic an intact BBB (cells in contact on opposite side of Transwell filters) or BBB failure accompanied by enlarged extracapillary space (EC on filter with glia plated on bottom; intercellular distance was ϳ1 mm). Patterns of protein release were monitored by two-dimensional gel electrophoresis. Comparison of gels obtained under different conditions revealed the first appearance of a discrete spot when glia was cultured alone in the presence of EC-conditioned media (Fig. 4) . When EC and AS were grown in proximity but not in contact, we noticed an augmentation (in size) of the previous spot and the appearance of two other discrete spots in the immediate proximity. Mass spectroscopy analysis revealed that these changes (see Table II ) were due to release of human ␣ 2 M (NCBI accession number 579592, 163 kDa, pI ϭ 6.04). Western blotting also demonstrated increased ␣ 2 M immunoreactivity under these conditions (Fig. 5) . To avoid possible and unexpected changes in the experimental parameters, all samples were collected and processed simultaneously after 1 week since the cultures and the co-cultures were completely established.
DISCUSSION
The main finding from the present work is that the antiproteolytic molecule ␣ 2 M is increased in serum under conditions of blood-brain barrier failure. This was interpreted as an endogenous strategy aimed at counteracting activity of matrix metalloproteinases presumably released by injured BBB cells.
FIG. 2. Radial immunodiffusion analysis demonstrating increased expression of ␣ 2 M in serum samples.
The inset shows actual data from a typical experiment. Protein concentrations were determined by optical evaluation of the diameter of the precipitin ring and extrapolated by reference to a calibration curve according to the manufacturer's instruction. A shows the results obtained from six patients undergoing BBBD. Note the increase in ␣ 2 M expression 4 h after BBBD. Levels of haptoglobin-1 (C) remained unchanged during the entire procedure. B shows a consistent variation in S100␤ levels indicating the opening of the blood-brain barrier and the effectiveness of the BBBD procedure. Note that the * indicates a p Ͻ 0.05, and n.s. means not significantly different from pre-BBBD value. MTX, methotrexate; RID, radial immunodiffusion.
Post-BBB disruption release of ␣ 2 M was observed under two different experimental conditions. In one set of experiments, ␣ 2 M serum levels were elevated hours after iatrogenic opening of the BBB. In parallel experiments, we documented ␣ 2 M release in vitro by astrocytes under conditions mimicking BBB failure. The implications of this novel finding are 2-fold. First, it appears that in addition to tissue inhibitors of metalloproteinases, other endogenous mechanisms exist to limit the extent of matrix remodeling during ischemia or neurodegenerative diseases. Second, enhancing ␣ 2 M expression may be a useful strategy against MMP-mediated degradation of the extracellular matrix.
Temporal Patterns and Molecular Mechanisms of ␣ 2 M Release-While most pictorials represent the brain endothelium as a static, tight-junctioned barrier, the BBB has been repeatedly shown to be a dynamic organ that readily responds and adapts to external stimuli (34 -37) . So far, several mediators of BBB maintenance or failure have been described, but the exact molecular and cellular mechanisms involved in endothelium-mediated central nervous system homeostasis are virtually unknown. Recent evidence has shown that MMPs are involved in the enzymatic digestion of the extracellular matrix (8, 10, 39) . Interestingly serum levels of MMP-9 correlate with hemorrhagic conversion after thrombolytic therapy for acute stroke (40) , suggesting that BBB damage may play a role in tissue plasminogen activator toxicity (41) (42) (43) . The findings presented here demonstrate that, in addition to potentially deleterious molecular events, antiproteolytic molecules such as ␣ 2 M are also produced. It is not clear whether these are synthesized ex novo in direct response to injury or following activation of metalloproteinases. Alternatively it is possible that the ubiquitous ␣ 2 M simply accumulates in blood after injury, after being recalled, or after leaking from the central nervous system.
It has been suggested that elevated CSF levels of ␣ 2 M indicate damage to the blood-to-CSF barrier (44) . Thus, it was hypothesized that, during neuroinflammation, ␣ 2 M extravasates from blood to CSF due to the favorable gradient between blood and CSF and a damaged protein-permeant BBB. Our in vivo experiments did not address this issue directly since CSF samples were for obvious reasons not available. However, comparisons of a time course of ␣ 2 M level with changes in the putative indicator of BBB damage S100␤ suggest that the observed ␣ 2 M increase was a consequence FIG. 3 . Western blot analysis demonstrating increased levels of ␣ 2 M in blood samples taken from patients undergoing iatrogenic opening of the BBB. Antibodies specific to human ␣ 2 M were used to quantify expression changes. Note that quantitative results were obtained by comparison with known amounts of standard protein (A). B shows increased immunosignal for ␣ 2 M after BBBD. C shows the mean values obtained from six samples: these results were quantitatively similar to those evaluated by radial immunodiffusion (see Fig. 2 ). The numbers below the protein spots refer to ␣ 2 M levels expressed in nanograms (*, p Ͻ 0.05). (3), co-cultures of the same cells exposed to reciprocal influences (6), or glial cells exposed to endothelial conditioned media (4) and vice versa (2) . Finally to mimic an intact or breached BBB, glia and EC were grown in contact or separated by media (1 mm) (5) . Note that EC-conditioned media (media from EC culture) stimulated a minimal release of ␣ 2 M by glia (4) . Under the condition mimicking a breached BBB, a more significant release of ␣ 2 M was observed (5) . Note that no detectable release was observed when AS were cultured alone (3) or in contact with EC (6). These findings also suggest that release of ␣ 2 M by glia occurs primarily when the environment is consistent with perivascular edema/BBB damage and EC and AS lose contact. Astro, astrocytes; Cond, conditioned; H, human.
of BBBD rather than a concomitant event. In fact, ␣ 2 M levels were significantly increased only after the initial, rapid surge of S100␤ (31, 33) . Thus the increased levels of ␣ 2 M after BBB disruption may be a reaction to proinflammatory changes that occur after the insult to the brain endothelium.
Cellular Origin of ␣ 2 M-Under normal conditions, the plasma level of ␣ 2 M exceeds the CSF level of ␣ 2 M by a factor of Ͼ1,000 (45) (46) (47) . Thus, if the BBB is permeable to macromolecules (for example after osmotic disruption of endothelial tight junctions) ␣ 2 M levels can be elevated in the CSF but not in the plasma. However, we observed a marked increase in serum ␣ 2 M following osmotic opening of the BBB suggesting that the source of ␣ 2 M may be peripheral. In vitro, in contrast, we observed a detectable increase in ␣ 2 M presumably released by glia. This latter hypothesis is supported by the fact that ␣ 2 M was found under the condition where glia was cultured alone in the presence of EC-conditioned media. Under the condition where EC and AS were grown in proximity but not in contact, we noticed an increased release of ␣ 2 M suggesting the endothelium modulates ␣ 2 M release by glia. Under this latter condition, the appearance of three spots at the same molecular weight as the ␣ 2 M band but positioned at slightly different pIs suggests that different isoforms of ␣ 2 M were also released. By mass spectrometry and Western blot analysis, they were demonstrated to be the same protein. The results obtained from in vivo and in vitro experiments are not necessarily in contradiction since it is possible that ␣ 2 M is released systemically and by perivascular glia after osmotic challenge. If this was the case, what are the initial triggers and critical cellular substrates of ␣ 2 M release? ␣ 2 M is primarily synthesized by liver cells. It has been suggested that ␣ 2 M can also be synthesized by astrocytes (48) , which is consistent with our current findings. It may be argued that the hyperosmotic medium itself could cause ␣ 2 M release. However, this seems unlikely since hyperosmotic mannitol failed to cause significant release of ␣ 2 M from human epithelial cells (49) . In addition to liver cells and astroglia, blood cells may also produce ␣ 2 M (50). Given the fact that the observed increases in serum are hard to reconcile exclusively with increased synthesis in brain, it appears that more than one cell type is involved. The critical origin of ␣ 2 M supply needs to be determined in the future.
Two-dimensional Gel Plasma Electrophoresis: a Proteomic Tool to Study Peripheral Markers of Neurological Disorders-
Modern neurodiagnostic techniques use imaging, ultrasound, direct sampling of cerebrospinal fluid, or Doppler techniques to gain insight in brain (dys)function. An array of blood tests would be ideal to examine changes occurring in the brain parenchyma. This is hampered by the presence of the BBB that effectively separates the brain from blood and vice versa (31, 33, 51) . However, evidence suggests that the blood-brain barrier is breached in a variety of neurological disorders, allowing communication between the periphery and central nervous system. Thus, diagnosis of diseases may be possible by peripheral blood analysis and routinely used in ischemic heart attack. Creatine phosphokinase and lactate dehydrogenase are reliable markers of myocardiac infarct.
A number of putative markers of Alzheimer's dementia consist of proteins or protein fragments that are mutated in the disease condition (52) . A mutated form of ␣ 2 M has been suggested to participate in a neuropathogenic pathway leading to Alzheimer's dementia (53) . Thus, detection of ␣ 2 M in serum may afford a routine test for early detection of presenile dementia. We have previously shown the value of the proteomic approach to discovery of markers of BBB damage (31, 33, 51) . Limitations of this approach include the relatively poor resolution of high molecular weight signals in serum due to the preponderance of albumin expression, the equally poor resolution of proteins present in low abundance, and the relatively high cost of this technique. However, two-dimensional gel electrophoresis has the immense advantage of allowing rapid identification of proteins by mass spectros- copy. This approach has in the past allowed the evaluation of ␣ 2 M changes occurring during aging (38) , further demonstrating that at least for selected high molecular weight proteins this approach is feasible. Experiments are on-going to explore the possibility of using this approach to measure mutated, polymorphic forms of this protein in Alzheimer's dementia and other disorders.
In conclusion, we demonstrated that a rapid increase of ␣ 2 M in serum occurs in patients after BBBD. Moreover we demonstrated that in vitro BBB failure mimicking this condition up-regulates ␣ 2 M release from AS. Although MMP activity levels need to be studied in these experimental paradigms, our data suggest that ␣ 2 M may constitute an endogenous counterbalancing mechanism against BBB failure.
